Summary Understory shrubs are frequently attacked by insect herbivores. However, very little is known regarding possible interactions between light condition, defoliation (D) and fine root vitality (% live roots) and metabolic activity, and whether different plant strategies (compensation, tradeoff and equilibrium) to defoliation depend on individual species light requirements. To explore the response of roots to such conditions, an experiment was established in which we experimentally removed 50% of leaves in 1-year-old seedlings of Sambucus nigra, Cornus sanguinea, Prunus serotina, Frangula alnus and Corylus avellana grown in 15% and full sunlight. On average, defoliation leads to a 15% reduction in fine root (<2 mm) vitality (% live roots). However, a statistically significant reduction in root vitality after defoliation was detected only in those species that are less herbivorized in nature (48% in S. nigra and 5% in C. sanguinea). On average, shade conditions (L) resulted in 18% decline in root vitality, and the effects of defoliation were also 22% higher than for plants grown in full light. Root vitality in both treatments (D and L) was significantly correlated with their dry mass, concentration of total phenol (TPh) and carbon to nitrogen ratio, and negatively correlated with nitrogen, soluble carbohydrates, starch and total nonstructural carbohydrates (TNC). To a large extent, root vitality and chemistry varied by species. Higher root vitality was related to higher concentrations of phenolics, more than to N and TNC concentrations. Concentrations of phenolics also differed significantly between defoliated plants and controls. However, in defoliated plants, an increase in TPh was observed only in two species, which belong to two different groups in light requirements and susceptibility to insect grazing (C. sanguinea and P. serotina). This study indicated that higher vitality of roots occurred in species that are characterized by higher insect defoliation under natural conditions. It is likely that higher root vitality of these species was related to their high level of TPh and tannins. This was especially noticeable for the reduced light treatment, which represents natural conditions under which insect defoliation is highest.
Introduction
Adaptation of different plant species to variation in light during herbivore activity depends on plant resource allocation and root vitality. Compensation, trade-off and equilibrium are the common hypotheses elucidating different plant responses to the treatment. Only studies of a suite of species with broadly varied light preferences and resistance to herbivores will enable a better understanding of which strategies (and why those strategies) occur in particular plant species.
Many understory shrub species are frequently attacked by insect herbivores. However, results of research on effects of natural and artificial defoliation on plant regeneration are inconsistent. Previous studies have shown both strongly negative (Piene and Little 1990) and positive (Gadd et al. 2001) effects of defoliation on tree growth and development. The regeneration potential of plants greatly depends on plant species (McNaughton 1983, Krause and Raffa 1996) . It seems that regeneration of those species most often defoliated is faster than in species whose leaves are rarely damaged by insects (Kosola et al. 2001) . A major role in this process may be played by increased synthesis of secondary metabolites (Oleksyn et al. 1998 , Honkanen et al. 1999 , Giertych et al. 2006 and/or rate of development of new leaves (Baur et al. 1991 , Uusitalo 2004 , Thomas et al. 2008 .
The level of defense compounds (soluble phenolics, condensed tannins) resulting from secondary metabolism, as well as participation of carbohydrates and energy in primary metabolism, which affects plant growth and development, depends on environmental factors. In situations when an increased rate of photosynthesis does not prevent the reduction of plant growth rate, according to the growth-differentiation balance hypothesis, the available pool of carbohydrates and nitrogen can be used for the production of secondary metabolites (Herms and Mattson 1992 , Herms 2002 , Gayler et al. 2008 . Plant resistance to insect herbivores may depend on light conditions. Shaded plants are more strongly defoliated by insects than plants growing in full sun (Leather 1986 , Molina-Montenegro et al. 2006 , Żmuda et al. 2008 . The reduced amount of photoassimilates, causing a decrease in the carbon content of stems and roots (Webb 1981 , Gonzalez et al. 1989 ), leads to disturbances in nutrient uptake by roots (Bryant et al. 1993) . The observed dynamics of long-term plant resistance to foraging insects depends on the carbon content of roots (Bryant et al. 1993 , Kosola et al. 2001 . Published data on the relationship between root vitality and defoliation are inconsistent. Kosola et al. (2001) observed that a decrease in carbon translocation to roots of early successional species did not cause an increase in mortality. Hodgkinson and Becking (1977) , in turn, showed that root mortality was higher in defoliated plants. The negative effect of defoliation on the C/N ratio (Hokka et al. 2004) and changes in root vitality (Jarvis and Macduff 1989, Mikola et al. 2001) suggest that these changes are associated with the availability of photoassimilates. Light and defoliation affect the effectiveness of translocation of C and N compounds to roots, which may affect regeneration in various plant species (Gleason and Ares 2004) . The decrease in carbohydrate concentration in roots is related to the increased demand by newly produced leaves after defoliation (Hikosaka et al. 2005) . Shortage of carbohydrates in roots lowers their attractiveness to pathogenic bacteria and fungi, which, in turn, may contribute to their greater vitality (Yanai and Eissenstat 2002, Bauerle et al. 2007) . It is also noteworthy that the decrease in carbohydrate concentration may be due to an increase in their use for the synthesis of phenols and terpenes in response to stress (Coviella et al. 2002 , Kaplan et al. 2008 . Although tannins play an important role in plant defense against insects and pathogens, little is known about the accumulation of those compounds in roots in response to defoliation. Only Walkinshaw (1999) showed an increase in tannin content of roots of plants that are subject to defoliation.
Plant growth and development after defoliation are determined, on the one hand, by the rate of regeneration of the foliage and, on the other hand, by root protection. Roots ensure water and nutrient uptake, and contain storage materials that are necessary for growth initiation in the next growing season. Strategies of plant survival acquired in the process of adaptation to folivorous insects depend on the ecological niches of various plant species. Thus, we hypothesize that plant species defoliated by insects more often will invest more in the protection of their roots.
To improve our understanding of the effects of defoliation on roots, we tested whether species that differ in light requirements and intensity of insect damage to leaves in the wild will differ in root vitality. At the end of the growing season, we measured root mass, concentrations of nitrogen, total non-structural carbohydrates (TNC), including soluble carbohydrates and starch, the C/N ratio as well as concentrations of defense compounds in roots of defoliated (mechanically removed) and control seedlings grown in full sun and in shade (15% of full light). We assessed root vitality and, considering changes in the above factors, we examined how the different light requirements and differences in susceptibility to damage by insect herbivores in the wild affect the strategy of root defense in the shrub species studied.
Materials and methods
We verified how species of different light requirement and susceptibility to herbivory allocate their resources in response to artificial defoliation in full and reduced light conditions. The experiment was conducted on seedlings of five understory shrub species: common elder (Sambucus nigra L.), black cherry (Prunus serotina Ehrb.), common dogwood (Cornus sanguinea L.), alder buckthorn (Frangula alnus Mill.) and hazel (Corylus avellana L.). Except for P. serotina, all other species are native. These species differ in their light requirements and degree of defoliation caused by folivorous insects in nature. According to Ellenberg's indicator values (Ellenberg et al. 1992) , S. nigra and C. sanguinea are more light demanding than the other three species, which were classified as less light demanding. Our earlier long-term observations indicated that leaves of these two shrubs are less herbivorized by insects than the other four species (Karolewski et al. 2007 (Karolewski et al. , Żmuda et al. 2008 . Our observations in central Poland indicated that ∼2% of leaf area is damaged by insects in S. nigra and C. sanguinea, up to 5% in F. alnus and 20-30% in C. avellana and P. serotina.
Seeds of local origin (52°23′N, 16°40′E, from the Palędzie Forest, in the Konstantynowo Forest District), after stratification (except for C. avellana; performed in the Laboratory of Seed Biology, Institute of Dendrology, Polish Academy of Sciences), were sown in pots (vol. 1.5 dm 3 ) from midApril to mid-May 2007, depending on shrub species. The pots were filled with forest soil (collected in a mature oak/pine forest) mixed with neutralized peat (1:1) and with slow-release N-P-K fertilizer Osmocote (2 kg m −3 ).
The experiment was carried out at the experimental field of the Institute of Dendrology in Kórnik, Poland (52°14′N; 17°05′E; 75 m altitude). The seedlings were randomly assigned to two light conditions (15 and 100% of full sun). Irradiation was measured with a phytophotometer (FF-01; SONOPAN, Poland). In the following spring (14 May 2008), seedling height was measured and used as a covariant for statistical analysis of root biomass. Next, except for controls (non-defoliated seedlings), 50% of leaves (every second leaf) were manually removed from each seedling.
Such artificial defoliation is frequently used to simulate natural defoliation by insect herbivores and to study plant reaction to this stress (Piene and Little 1990 , Lyytikäinen-Saarenmaa 1999 , Thomas et al. 2008 . This type of simulation of insect grazing was selected to compare reactions of seedlings of species that vary greatly in leaf size (small in F. alnus, large in C. avellana) and in leaf structure (compound leaves in S. nigra and simple in the remaining species). During the experiment, no significant defoliation by insect herbivores was noticed, and any insects found occasionally on them were removed (in contrast to the forest on our experimental site at the Kórnik Arboretum, where folivorous insects are rare).
Each treatment (species × light × defoliation) was represented by 20 seedlings (16 for chemical analysis and 4 for root vitality assessment) grouped in two blocks. Air temperature and relative air humidity (RH) were measured with Hobo Prov2 data logger sensors (Onset Computer Corp., USA), located at half the height of the seedlings (two sensors per block). Temperature and RH were recorded every hour throughout the experiment, and mean values for day, night and 24-h periods were calculated. Daily mean air temperature and the day-night temperature amplitude were smaller in the shaded variant than in full sun (Table 1) . Maximum temperatures were much lower during the day and slightly higher at night in the shade treatment. Differences in RH were less pronounced and smaller in the shaded treatment, particularly if daily minimum and maximum RH values were compared.
We harvested plant material on 17 September 2008 (125 days after defoliation). Roots of 20 seedlings per treatment were rinsed in tap water and dried with blotting paper, and the fine root fraction (<2 mm in diameter) was separated manually. The dried fine roots, after weighing, were subjected to chemical analyses. The analyses were made for pooled samples (two blocks, eight seedlings per block). The remaining four plants were harvested at the same time in the same manner for vital staining.
Defense compounds (total soluble phenols and tannins) as well as nutrients (nitrogen and non-structural carbohydrates) were analyzed on dried (40°C for tannins and 65°C for other compounds) tissue powdered in a Mikro-Feinmühle-Culatti mill (IKA Labortechnik Staufen, Germany).
Concentration of total soluble phenols was measured according to Johnson and Schaal (1957) , as modified by Singleton and Rossi (1965) . Total phenol content was determined using Folin Ciocalteu's Phenol Reagent (Sigma F-9252) at wavelength λ=660 nm, and results were expressed as micromoles of chlorogenic acid per gram of dry matter.
Condensed (catechol) tannins, after extraction with absolute methanol, were determined colorimetrically using a color reaction with vanillin in an acid medium (Price et al. 1978) . Readings of absorption were taken at λ=500 nm, while results were converted into micromoles of catechin per gram of dry matter.
Concentration of non-structural carbohydrates (soluble carbohydrates and starch) was determined using a modified method, as described by Haissig and Dickson (1979) and Hansen and Møller (1975) . Soluble sugars were assayed in methanol-chloroform-water extracts. The precipitate remaining after extraction was used to determine starch concentration. Starch in the insoluble material was gelled and converted to glucose with amyloglucosidase and oxidation using the peroxidase-glucose oxidase complex. Concentration of soluble sugars were measured at wavelength λ = 625 nm, following a color reaction with anthrone, while starch concentration was measured at λ=450 nm following the reaction with dianisidine. Concentrations of soluble sugars and starch (with glucose as a standard) were expressed as percentage of dry mass.
Nitrogen and carbon concentrations were determined using an Elemental Combustion System CHNS-O 4010 analyzer (Costech Instruments, Italy/USA; http://www. costechanalytical.com).
Harvested plant roots were washed and then cross-sections were prepared by hand using a razor blade. Each treatment consisted of four seedlings from which two cross-sections of 25 roots were made. Cross-sections were stained for 10 min at 20°C with a solution of fluorescein diacetate (FDA) in a concentration of 0.002 mg ml −1 of 0.1 M phosphate buffer pH 7.4.
Then samples were washed twice in the phosphate buffer.
Since only living cells give a light green fluorescent response to FDA vital staining (Rotman and Papermaster 1966) , this technique provides detailed information about the physiological status of a root. The vitality of each root was ascertained under a fluorescence microscope (Axioskop 20 Statistical analyses were conducted using JMP 8 software (SAS Institute Inc., Cary, NC, USA). An analysis of variance (ANOVA) and covariance (ANCOVA) (for mass) were used to compare the influence of defoliation, light and species on the traits studied (see Table 2 ). For traits expressed as percentages, the Bliss angular transformation was used. A two-way ANOVA was used to assess the influence of defoliation and species on investigated traits, and one-way ANOVA was used to compare defoliation for each species separately (see Figure 1) .
Results
In 1-year-old seedlings of understory shrubs, 50% defoliation (D) carried out at the beginning of the second growing season caused a significant (P < 0.0001) decrease in root vitality ( Table 2) .
The root vitality of individual plant species reacted differently to defoliation (significant D×S interaction, P<0.0001). However, defoliation caused a significant decrease in root vitality only for the two shrub species (S. nigra and C. sanguinea) whose leaves are only slightly damaged by folivorous insects under field conditions. In contrast, for those TREE PHYSIOLOGY ONLINE at http://www.treephys.oxfordjournals.org ROOT RESPONSE TO DEFOLIATIONspecies whose leaves are more strongly herbivorized by insects in natural conditions, the effect of defoliation on root vitality was not statistically significant (P. serotina, F. alnus and C. avellana).
The effect of defoliation on root vitality depended on light conditions (L×D, P=0.007; Table 1 ). The decrease in vitality was very small for seedlings grown in full sun (by ∼8%, as compared with control seedlings) and twofold higher (by ∼17%) in shaded plants. Individual species reacted differently to defoliation, depending on light conditions. In full sun, defoliation caused a significant decrease in root vitality only in S. nigra ( Figure 1A ). In contrast, for shaded seedlings ( Figure 1B ), defoliation caused a decrease in root vitality for all species, but was statistically significant only for P. serotina, C. sanguinea and C. avellana.
A significant positive correlation was found between root vitality and mass (r=0.55, P=0.05; Table 3 ). The effect of defoliation on root mass depended on species ( Table 2) . The regression lines for individual species show similar trends of the relationship between root vitality and mass plotted for all species (Figure 2A) .
There was also a significant interaction between defoliation and light conditions (P=0.01) in their effect on root mass. However, in that case, the decrease in mass due to defoliation, as compared with the control (no defoliation), was smaller in seedlings grown in shade than in full light. This was mostly due to the large negative effect of defoliation on root mass in C. sanguinea and a smaller but statistically significant effect on root mass in seedlings of C. avellana grown in full sun ( Figure 1C ). In contrast, for shaded plants, a significant decrease in mass due to defoliation was observed only in C. sanguinea ( Figure 1D ).
Defoliation resulted in an increase in secondary metabolite concentrations (TPh, tannins). The relationships between root vitality and concentrations of these metabolites and elements depended mostly on shrub species. However, these relationships for some species are opposite to that calculated for all species ( Figure 1B-F) .
Concentration of TPh in roots depended on all the variables, i.e., species, light and defoliation (Table 2) . A significant positive correlation was also found between root vitality and concentration of TPh (Table 3) . Similar to defoliation, shading also caused a simultaneous increase in TPh level and a decrease in root vitality. Mostly because of these relationships, a strong negative correlation was observed between root vitality and TPh concentration for individual species (except S. nigra) ( Figure 2B ).
There were similar patterns of condensed tannins in roots to those observed for phenolics. Defoliation and shading caused a significant increase in tannin concentration (Table 2 and Figure 1G and H). Significant differences among species were observed in effects of defoliation on tannin content. However, in contrast to TPh, for both species whose leaves are strongly herbivorized by insects under natural conditions (S. nigra and C. sanguinea), defoliation did not cause any changes in tannin concentration in roots. There was no significant correlation between root vitality and tannin concentration when all species and treatments were taken into account (Table 3) . When each species was analyzed separately, three of them did not show any significant correlation between those factors, while for P. serotina and C. avellana, similar to the case of TPh, vitality was significantly and negatively correlated with tannin concentration ( Figure 2C ).
We did not find any significant effect of defoliation on nitrogen and non-structural carbohydrates in any of the species and light treatments (Table 2) . However, significant correlations were observed between root vitality and their concentrations pooled across light and defoliation treatments (Table 3) . Overall, fine root vitality was higher if the roots contained less nitrogen ( Figure 2D ), TNC ( Figure 2F ) and had a higher C/N ratio ( Figure 2E ). Species significantly affected (P < 0.0001) both nitrogen content and C/N ratio (Table 2) . Significant differences were also found between N concentration, C/N ratio and fine root vitality, and the overall shape of the regression lines was largely determined by differences among individual species ( Figure 2D and E) . In contrast to defense compounds (TPh and tannins), the relationships between fine root vitality and both N and the C/N ratio for individual species showed similar trends (except for S. nigra) as for all species and treatments (S, L and D). Species, light and defoliation affected the relationships between root vitality and TNC concentration in a different manner ( Figure 2F) . Therefore, the overall significant negative relationship between Table 3 . Correlation coefficient for analyses of root vitality (<2 mm), dry mass, concentration of total phenols (TPh), tannins, nitrogen, carbon/ nitrogen ratio (C/N), total non-structural carbohydrates (TNC), soluble carbohydrates (SC) and starch in seedling roots of five shrub species pooled across light and defoliation treatments (n=20). TNC and fine root vitality was mostly due to differences among species. In general, variation of root vitality among individual species is associated with their greater mass and TPh concentration as well as a higher C/N ratio, and, to a lesser extent, with a lower level of N and TNC. The effect of defoliation and shading on the traits studied in most species was small, with similar trends in the relationships between root vitality and mass or nitrogen content and C/N ratio. In contrast, defoliation and shading exert different effects than species on the relationship between root vitality and levels of defense compounds (TPh, tannins) or, as for the case of TNC, they do not significantly affect these relationships.
Discussion
The results of our study indicated that defoliation of seedlings causes a decrease in root vitality (live roots as a percentage of total roots) in comparison with the control. Defoliation, similar to that applied in this study (50% of leaves removed), inflicted on shrubs by folivorous insects has been frequently observed in nature, particularly in understory shrubs growing in shade (Żmuda et al. 2008) . In some cases, grazing insects can even lead to complete defoliation (Leather 1986) . New leaf production is essential to tree and shrub regeneration following defoliation (Leather 1986 , Baur et al. 1991 , Uusitalo 2004 . Such regenerative processes are usually associated with a reduction in root mass (Stevens et al. 2008 , Thomas et al. 2008 due to increased root mortality (Kosola et al. 2001 , Hikosaka et al. 2005 . However, the results of our study indicate that P. serotina and other species strongly damaged in the wild by insect herbivores are able to protect their fine roots. This is reflected in a smaller decrease in root vitality after defoliation in comparison with the species whose leaves are only lightly herbivorized by insects in the wild (S. nigra and C. sanguinea).
Defoliation also caused a decrease in fine root mass (Table 2) . Similar conclusions were drawn by Thomas et al. (2008) , who found that defoliation reduces root mass more strongly (by 39%) than seedling mass (by 26%). In contrast, for the species included in this study, the mass of whole seedlings after 50% defoliation decreased by 15%, all roots by 12% and fine roots (<2 mm) by 12.5%, as compared with control seedlings (Karolewski, in preparation) . This shows a relatively weak negative effect of defoliation on the reduction of root mass or on their protection. Based on differential responses to treatments among the species studied, our results indicate that for root mass the species used an equilibrium strategy (as shown by equal allocations by the defoliated and control plants), while a trade-off or equilibrium depended on the species.
The results of our study show that TNC concentration in fine roots significantly declines with increasing root vitality (Table 3) , but this results mostly from differences among species ( Figure 2F ). This indirectly suggests that higher root vitality could result from a lower level of attractiveness for microorganisms, i.e., bacteria and pathogenic fungi, which may cause root death and destruction (Yanai and Eissenstat 2002, Bauerle et al. 2007 ). In addition, greater root vitality was also observed in the species whose roots contained less nitrogen ( Figure 2D ). However, in that case, this relationship was affected both by species and by light conditions ( Table 2) . As a result, also within individual species (except S. nigra), a lower nitrogen concentration corresponded with higher root vitality ( Figure 2D ). Defoliation most strongly decreased root vitality in shaded seedlings, whose roots had the highest nitrogen content (Table 2 ). According to Thomas et al. (2008) , increased nitrogen uptake by roots of defoliated seedlings is one of the forms of compensatory growth. Results of their research with the use of 15 N in seedlings of Buddleia davidii, which are sensitive to defoliation, indicated that nitrogen uptake by roots increased by 57% after repeated partial defoliation. The relationships described above may indicate that the decrease in root vitality after defoliation, particularly in seedlings grown in shade, can be caused by the influence of these factors on growth, and levels of TNC and nitrogen compounds. The effects of root quality and mycorrhizas on root and fungi feeders and other destructive biotic agents may also be a factor in root mortality (Bazot et al. 2005, Roberts and Paul 2006) . This is associated with the effect of defoliation and shading not only on root vitality but also on root mass (Table 2 and Figure 2A ).
As mentioned earlier, S. nigra and C. sanguinea, which in the wild are less damaged by insect herbivores, also have greater light requirements than the other species, and only in those two species did the defoliation cause a significant decrease in root vitality (Table 2) . Growth conditions are improved as access to light increases, but light-demanding species react to light more strongly than shade-tolerant species (De Chantal et al. 2003) . Thus, it could be expected that light will significantly affect root regeneration in the species studied, as it depends on the effectiveness of incorporating C and N into storage compounds and on their allocation into roots (Gleason and Ares 2004) . We did not detect any such relationships between those two groups of species.
The negative effect of defoliation on root vitality can also result in a decrease in concentrations of defense compounds. The C/N ratio is often used as a general measure of the level of natural chemical protection that plants have against the damaging impact of various biotic factors (Craine et al. 2003 , Oishi et al. 2006 . Metabolic shift towards production of carbon-rich substances is associated with increased synthesis of defense compounds such as phenols and terpenoids (Coviella et al. 2002 , Kaplan et al. 2008 . Another reason for an increase in the C/N ratio can be, according to some authors, a strong reduction of N uptake by roots after defoliation (Kosola et al. 2001) . Thus, it is not surprising that for all species studied here, higher root vitality corresponded with higher values of the C/N ratio and higher TPh content (Table 3) . As in the case of N and TNC, the type of relationship between root vitality and both C/N ratio and TPh content was also mostly dependent on species. However, such an effect of species was not detected when root vitality was compared with tannin content. As a result of defoliation, we observed a compensation of tannins across all species. The magnitude of that compensation differed from small (S. nigra and C. sanguinea) to large (P. serotina and C. avellana). That pattern might reflect interspecific differences in defense strategies among plant species.
Defoliation also clearly affected the relationship between root vitality and both TPh and tannin concentration in individual shrub species ( Figure 2B and C) . The effect of defoliation on root tannins is poorly understood. Kosola et al. (2006) found that changes in the concentration of condensed tannins in roots of poplar (Populus×canadensis) due to considerable leaf damage caused by gypsy moth (Lymantria dispar) were small, multidirectional (depending on the stage of the growing season) and unrelated to changes in other metabolites in roots, as well as tannins in leaves. Moreover, tannins not only play a positive role in root resistance to pathogens but their accumulation under the influence of stress factors (e.g., defoliation) is a good indicator of cell and tissue death (Walkinshaw 1999) . This may explain the unclear picture of the relationship between root vitality and tannin content, depending on species and multidirectional changes in tannin concentration in individual species, and also depending on light conditions of seedling growth and on defoliation.
In general, the data presented on concentrations of phenolic compounds (TPh, tannins) , and the C/N ratio in roots, in relation to their vitality, indicate that the increase in their levels after defoliation may reflect their protective role. However, our results do not justify a conclusion that more light-demanding species differ from the more shade-tolerant ones by greater protection of roots against mortality and subsequent decomposition by microorganisms through accumulation of defense compounds. In contrast, our results show that root viability is highest in the species whose leaves in natural conditions are most strongly affected by defoliation. Moreover, the increase in concentrations of defense compounds after defoliation is higher in plants grown in reduced light, i.e., in conditions in which they are more strongly damaged by folivorous insects in the wild.
Our results indicate that fine roots of some species are better adapted to survive leaf damage by insects. In general, leaves of species that are more strongly and frequently damaged by insect herbivores invest less in energy and food reserves in fine roots and more in defense compounds. In the case of TPh, we observed a trade-off relationship between mass and these defensive compounds for all species. Such a strategy greatly increases root viability. Similar conclusions were drawn by Kosola et al. (2001) , who reported that disturbance-tolerant trees maintain underground structures necessary for recovery from the probable loss of shoot tissues. Similarly, the plant defense strategy through root protection is, according to Dyer et al. (1991) and Bazot et al. (2005) , a reason for the increase in C allocation to roots after defoliation to create C stores less accessible for aboveground grazers. Our study also shows that, as a result of defoliation, the carbon allocated to roots is not uniformly invested: it is mostly invested in defense compounds (phenolics) and less in carbohydrates.
